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ARTICLE
Using spoor and prey counts to determine temporal and
spatial variation in lion (Panthera leo) density
D. Bauer, M. Schiess-Meier, D.R. Mills, and M. Gusset
Abstract: In many African countries, large carnivores such as lions (Panthera leo (L., 1758)) are under serious threat through
conﬂict with people, declining prey abundance, and exposure to disease. Spoor and prey count surveys were used to determine
temporal and spatial variation in lion density in Khutse Game Reserve (KGR), Botswana, and the adjacent communal grazing
area. Estimated lion density in KGR for the period September 2008 – June 2010 was 41% lower than for the period June 2007 –
August 2008 (1.02 vs. 1.72 lions/100 km2). Prior to this population crash in mid-2008, estimated lion density in the communal
grazing area (1.21 lions/100 km2) was 30% lower than inside KGR. The relative abundance of the three most abundant, preferred
prey species of lions occurring in KGR decreased from 2001 to 2008 by 50%–79%. Based on two prey biomass estimates, the lion
population in KGRwas below the potential carrying capacity of the habitat after the crash inmid-2008. These results suggest that
there could be a human-caused population sink around KGR, which might be strong enough to threaten the long-term survival
of lions in the area; particularly if this edge effect is intensiﬁed by prey depletion and disease outbreaks, which might have
caused the sudden decline in the lion population.
Key words: density, disease, edge effect, Kalahari, lion, Panthera leo, persecution, prey, spoor, track.
Résumé : Dans de nombreux pays africains, des grands carnivores comme les lions (Panthera leo (L., 1758)) sont fortement
menacés en raison de conﬂits avec les humains, la diminution de l’abondance des proies et l’exposition aux maladies. Des levés
des empreintes et de dénombrement des proies ont été utilisés pour déterminer les variations temporelles et spatiales de la
densité des lions dans la Khutse Game Reserve (KGR), au Botswana, et la zone de pâturage communale qui la jouxte. La densité
estimée de lions dans la KGR pour la période de septembre 2008 a` juin 2010 était de 41 % plus faible que pour la période de juin
2007 a` août 2008 (1,02 contre 1,72 lion/100 km2). Avant cet effondrement de la population au milieu de 2008, la densité estimée
des lions dans la zone de pâturage communale (1,21 lion/100 km2) était de 30 % plus faible que dans la KGR. L’abondance relative
des trois espèces les plus abondantes de proies prisées par les lions dans la KGR a diminué de 50 % – 79 % de 2001 a` 2008. À la
lumière de deux estimations de la biomasse de proies, la population de lions dans la KGR était inférieure a` la capacité de charge
potentielle de l’habitat après l’effondrement dumilieu de 2008. Ces résultats donnent a` penser qu’il pourrait y avoir un puits de
population d’origine anthropique autour de la KGR dont l’effet pourrait être assez fort pour menacer la survie a` long terme des
lions dans la région, en particulier si cet effet de bordure est intensiﬁé par la diminution des proies et les éclosions de maladies,
qui pourraient avoir causé la diminution soudaine de la population de lions. [Traduit par la Rédaction]
Mots-clés : densité, maladie, effet de bordure, Kalahari, lion, Panthera leo, persécution, proie, empreinte, piste.
Introduction
Throughout Africa, large carnivores such as lions (Panthera leo
(L., 1758)) are rapidly declining (Winterbach et al. 2013). From an
estimated population of 200 000 African lions in 1975 (Myers
1975), less than 100 000 remained by the early 1990s (Nowell and
Jackson 1996). Recent population estimates range from 38 000
(Chardonnet 2002) to 22 000 (Bauer and van der Merwe 2004). The
most current estimates number the continent-wide lion popula-
tion at 33 000 (IUCN/SSC Cat Specialist Group 2006) to 35 000
(Riggio et al. 2013).
One of the most important prerequisites for carnivore survival
is prey availability. Although carnivore densities can vary over
several orders of magnitude within species, they generally reﬂect
the abundance of their prey in natural ecosystems (Fuller and
Sievert 2001). It has been shown that the quality and quantity of
prey resources available in an ecosystem determine carnivore
density (Van Orsdol et al. 1985; Gros et al. 1996; Stander et al.
1997a; Karanth et al. 2004; Hayward et al. 2007). Across the whole
order Carnivora, predator densities show a positive linear corre-
lation with prey abundance, where 10 000 kg of prey support
about 90 kg of a given carnivore species (Carbone and Gittleman
2002).
When wild prey numbers are reduced, lions among other car-
nivores turn to domestic livestock (Kissui 2008; Lagendijk and
Gusset 2008; Gusset et al. 2009), particularly when protected areas
are not safeguarded and farmlands are easily accessible. Livestock
predation causes negative local attitudes toward lions and an in-
crease in retaliatory and preventive killing by pastoralists (Gusset
et al. 2008; Hemson et al. 2009; Maclennan et al. 2009).
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In recent years, Botswana’s rapidly growing cattle industry has
led to an increasing number of livestock losses due to predators
on the communal farmland adjacent to Khutse Game Reserve
(KGR), Botswana (Schiess-Meier et al. 2007). Although nominally
protected inside reserves, the wide-ranging lions of the semiarid
Kalahari (Ramsauer 2006; Funston 2011) are prone to human per-
secution when crossing the reserves’ boundaries. We know of
52 lions that were killed on farmland in the vicinity of our study
area on the southern border of KGR and Central Kalahari Game
Reserve (CKGR) between 2005 and 2010, with 32 lions killed be-
tweenMay 2005 andOctober 2007 alone (lion huntingwas banned
from October 2000 to April 2005, with no records on number of
lions killed in this area; the ban was reinstated in November 2007,
thus only a fraction of lions killed were recorded). Reports from
around CKGR suggest that this problem may exist on the periph-
ery of the entire protected area (e.g., Muir 2010).
In August 2008, lion sightings in KGR became increasingly rare
and several individuals were found dying with severe signs of
malnutrition. We suspected that lion numbers were affected by a
decline in prey abundance as observed elsewhere in Botswana
(McNutt and Gusset 2012), but disease might have played a role as
well (Ramsauer et al. 2007; Alexander et al. 2010). Considering the
low lion density in the Kalahari (Ramsauer 2006; Funston 2011),
the combined pressure of prey depletion, disease outbreaks, and
human persecution might prove unsustainable and threaten the
long-term viability of the KGR lion population.
The scientiﬁc focus of the present study was the hypothesis that
variation in prey abundance and human persecution will lead to
temporal and spatial variation in lion density. We used spoor
counts to quantify the magnitude of the crash in the KGR lion
population in mid-2008 and prey counts to quantify the magni-
tude of the suspected decline in prey abundance in KGR over time.
Then, we used spoor counts to test the prediction that the lion
density in the communal grazing area is lower than the density
inside KGR. Finally, we tested the prediction that, as a conse-
quence of the crash, the KGR lion population is below the poten-
tial carrying capacity of the habitat in terms of prey abundance.
Materials and methods
Study area
The study was conducted in Botswana’s central Kalahari region,
including KGR (central coordinates: 23°20=S, 24°25=E), the adjoin-
ing southern part of CKGR, and communal farmland bordering
the two reserves to the southeast (for details see Schiess-Meier
et al. 2007). In the protected area and communal farmland, the
landscape is generally ﬂat and lies about 1000 m above sea level.
The vegetation is primarily Acacia Mill. savannah and Kalahari
sandveld dotted with saltpans. The semiarid climate is character-
ized by a cold dry season (May–September) and a hot rainy season
(October–April), with an annual rainfall of 321 ± 67 mm (Weilenmann
et al. 2010).
Encompassing 2 600 km2, KGR shares a common boundary
with CKGR, forming the country’s largest protected area complex
with a total surface of more than 54 000 km2 (Fig. 1). Whereas
along KGR’s western boundary human encroachment is relatively
uncommon, there are numerous cattle posts (usually a small num-
ber of huts with associated livestock kraals) situated close to the
southeastern border of the reserve. This is why the latter area was
chosen for study. A number of factors have led to consistent live-
stock losses in recent years (Schiess-Meier et al. 2007): large home
ranges of predators in this region (Ramsauer 2006; Weilenmann
et al. 2010), close proximity of cattle posts to the still ungazetted
buffer zone and reserve boundary, and overgrazing that has re-
sulted in livestock entering the reserve. Wild prey numbers are
low outside the reserve (Leopard Ecology & Conservation, unpub-
lished data). In an attempt to reduce boundary transgression and
livestock predation, 201 km of 2.4 m high electriﬁed game fence
was erected along the south and southeast borders of KGR and the
southern part of CKGR in late 2009. This fence reduced wild prey
numbers in the communal grazing area even further (Leopard
Ecology & Conservation, unpublished data).
Spoor count survey
The general applicability of using spoor-based indices to esti-
mate carnivore abundance (Stander 1998; Funston et al. 2001;
Gusset and Burgener 2005; Balme et al. 2009; Houser et al. 2009)
has been tested across a wide geographical scale and a large range
of carnivore densities (Funston et al. 2010). To calculate lion den-
sities from spoor densities (see below), Funston’s general model
for lions on sandy substrate was applied, explaining 97% of data
variation across seven study sites: ti = 3.30xi – 0.32, where ti is the
spoor density and xi is the estimated lion density at site i (Funston
et al. 2010).
Spoor counts were conducted over a period of 3 years in two
study sites (supplementary Table S1).1 To quantify the magnitude
of the crash in the KGR lion population in mid-2008, a ﬁrst sam-
pling period from June 2007 to August 2008 and a second sam-
pling period from September 2008 to June 2010 were deﬁned. As
mentioned above, after August 2008, with known individuals dy-
ing or disappearing, lions became rare in KGR and around that
time the spoor encounter rate dropped abruptly. During both
sampling periods, eight transects (21.3 ± 1.9 km) with a total
length of 170.7 km were covered repeatedly inside KGR (supple-
mentary Fig. S1).1 After the erection of the fence between KGR and
the communal grazing area to the southeast in late 2009, a newly
graded ﬁre cutline between KGR and CKGR was incorporated into
the transect network, increasing the total sampling distance to
193.0 km (24.1 ± 1.7 km). The second study site in the communal
grazing area southeast of and adjacent to the reserve included six
transects (19.1 ± 2.9 km) with a total length of 115.1 km that were
covered repeatedly from June 2007 to May 2009 (supplementary
Fig. S1).1
Spoor counts were conducted with the help of San trackers. The
San are known for their outstanding tracking abilities and are
highly accurate in identifying individuals and reconstructing
complex behavior from spoor encounters (Stander et al. 1997b). All
trackers participating in the study had several years of tracking
experience and were thoroughly trained for this type of data col-
lection. The trackers’ ability was tested by following individual
lions after locating their spoor when conducting spoor counts.
Individuals were located with a success rate of 84.2% (n = 19) when
tracking on sandy substrate and 60.0% (n = 5) when lions walked
on the calcareous ground of the saltpans. The sex of the lions
followed was always correctly determined. The spoor of adult
individuals was successfully identiﬁed at a rate of 80.3%, based on
spoor shape, size, and group composition.
Transects were sampled in the early morning hours to avoid
disturbance by reserve visitors and because of the low angle of the
sun. Spoor counts inside KGR were conducted on preexisting
roads and ﬁre cutlines, as their sandy substrate proved to be suit-
able for spoor detection and identiﬁcation and as large carnivores
frequently travel along roads. Although hard clay soil was pre-
dominant around the saltpans, it accounted for less than 5% of the
road network. The bias due to changing spoor substrates is there-
fore likely to be minor. A four-wheel drive vehicle was driven at a
mean speed of 15–20 km/h, with one tracker sitting on the bonnet
and one on the roof scanning the road ahead. When spoor was
encountered, species, sex, age, number of animals, location, and
speciﬁc individuals were recorded. Individual spoor was counted
1Supplementary Table S1 and Fig. S1 are available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjz-2013-0176.
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once a day and only spoor from the previous 24 h was recorded.
Intersecting transects were sampled with a minimum lapse of
72 h. To avoid double-counting, the same transects were never
sampled on consecutive days.
A radiotelemetry study on lion population dynamics in KGR
revealed that the mean daily distance travelled by females was
8.2 ± 0.9 km (Ramsauer 2006). Because only spoor from the previ-
ous 24 h was recorded, choosing a study site by surrounding all
transects with a buffer of 8.2 kmwouldmaximize the chance that
the lions will still reside in the area at the time of sampling. Using
the ArcViewGIS software (version 9.3), two study sites of 2081 km2
and 1394 km2 for KGR and the communal grazing area, respec-
tively, were demarcated accordingly (supplementary Fig. S1).1
Road penetration (rp) is expressed as the ratio between the
distance covered and the size of the study area: rp = A / di, where
A is the size of the study site and di is the distance sampled on
transect i (1 km surveyed : x km2 survey area). It serves as an index
of how intensively a speciﬁc site was covered when compared
with other sampling areas. Spoor frequency and spoor density
were calculated following Stander (1998). Spoor frequency is the
number of kilometres per individual spoor (i.e., the distance one
has to travel from one spoor encounter to the next). Spoor density
is deﬁned as the number of individual spoor per 100 km. Both
indices were determined separately for each transect from which
mean values and standard errors could be calculated.
The sampling intensity in both study sites was calculated in
terms of a trade-off between effort and precision using bootstrap
analysis (Sokal and Rohlf 1995). Measured by road penetration, it
deﬁnes the distance thatmust be sampled in relation to the size of
the study area. Sampling intensity was determined by randomly
selecting two transects and increasing the sample progressively to
3, 4, …, x transects with replacement, simulating the spoor fre-
quencies for 1000 replicates. After every increase the new road
penetration, mean spoor frequencies, coefﬁcients of variation,
and 95% conﬁdence intervals were calculated (Grieg-Smith 1957).
The sample effort was set at the point where accuracy and preci-
sion of the estimates did not improve when the sample size was
increased. Precisionwas deﬁned at the point where the coefﬁcient
of variation (as the ratio between standard error and mean)
reached an asymptote and dropped below 20% (Stander 1998).
Means are given with standard error. Kolmogorov–Smirnov
tests revealed that the data’s residuals were not normally distrib-
uted, prompting the use of nonparametric statistics (Mann–Whitney
U tests). All statistical tests were two-tailed, with the signiﬁcance
level set at P < 0.05, and were run in SYSTAT (version 12).
Prey count survey and carrying capacity
Prey counts were used to quantify the magnitude of the sus-
pected decline in prey abundance in KGR over time. Prey abun-
dance was estimated with the commonly used strip transect
method, counting animals encountered within 200 m on either
side of the transect. The same eight transects as described above
were covered repeatedly inside KGR (supplementary Fig. S1)1 dur-
ing ﬁve sampling periods, each including both the cold dry and
the hot rainy seasons: 2001 (8 months), 2002 (9 months), 2007–2008
(12 months), 2008–2009 (12 months), and 2009–2010 (7 months).
Transects were sampled in the morning to avoid extreme temper-
atures that could bias animal distribution. A four-wheel drive
vehicle was driven at a mean speed of 15–20 km/h with two ob-
servers on the roof. Monthly numbers per sampling period were
calculated for the threemost abundant (see below) prey species of
lions in our study area, taken at least as frequently as expected
based on their availability (Hayward and Kerley 2005): springbok
(Antidorcas marsupialis (Zimmermann, 1780)), gemsbok (Oryx gazella
(L., 1758)), and red hartebeest (Alcelaphus buselaphus caama Geoffroy
Saint-Hilaire, 1803). Springbok and gemsbok, respectively, are the
most commonly killed and preferred prey species of lions (Hayward
and Kerley 2005); gemsbok are predominantly predated upon by
lions in our study area. Prey counts were not conducted in the
communal grazing area, as wild prey numbers are low outside the
reserve and livestock is artiﬁcially maintained at high density
(Leopard Ecology & Conservation, unpublished data).
Two different relationships between prey biomass derived from
the 2009–2010 sampling period and lion density were used to
predict the potential number of lions that KGR could support
after the crash in mid-2008. (1) Hayward’s regression equation
D = 10–2.158+0.377·logx, where x is the biomass of the preferred prey
species of lions (kg/km2) and D is the lion density per square
kilometre (Hayward et al. 2007; M. Hayward, personal communi-
cation, 2010). Preferred prey species of lions (Hayward and Kerley
2005) occurring in KGR in notable numbers are gemsbok and
giraffe (Giraffa camelopardalis (L., 1758)). (2) The relationship
between carnivore density and prey biomass as deﬁned by Carbone
and Gittleman (2002), where one unit of prey biomass (10 000 kg/
100 km2) supports amean number of 3.4 lions/100 km2. To account
for the predominance of medium-sized to large prey (peak at
Fig. 1. Map of Botswana showing the Central Kalahari Game Reserve, Khutse Game Reserve, and other protected areas.
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115 kg; Hayward and Kerley 2005), species below 100 kg adult
female body mass were excluded from the biomass calculation.
Masses of prey species were taken from Hayward et al. (2007) and
prey densities were calculated using the DISTANCE software
(version 5.0 beta 4).
Results
Spoor count survey
A total distance of 8135.3 km on 382 transects was sampled
inside the KGR–CKGR complex and in the communal grazing
area. Fresh lion spoor was recorded on 155 occasions and a total of
301 adult lion spoor were counted.
Mean spoor frequency did not show much variation with an
increase in sampling intensity inside KGR. At minimum road pen-
etration, spoor frequency had large conﬁdence intervals; however,
the conﬁdence interval subsequently decreased with an increase in
road penetration. At a ratio of 1 km : 13.9 km2, mean spoor fre-
quency was 22.4 ± 0.2. A further increase in road penetration
altered the conﬁdence interval by only 0.3%. The desired sampling
intensity was therefore set at ≤1 km : 13.9 km2 for KGR. For the
spoor count survey in the communal grazing area, the desired
sampling intensity was set at ≤1 km : 14.5 km2.
Khutse Game Reserve
The effect of increased sampling effort on the spoor frequency
was investigated by randomly selecting individual transects and
increasing the sample size stepwise. In the ﬁrst sampling period
from June 2007 to August 2008, mean spoor frequency stabilized
at 25 spoor samples, equivalent to 1180.0 km sampling distance
(Fig. 2a). Precision increased considerably in the ﬁrst 20 spoor
samples and dropped below 20% at 25 spoor encounters (Fig. 3a).
At 35 spoor samples (1495.9 km sampling distance), the coefﬁcient
of variation reached an asymptote, and although it continued to
decrease, an increase in precision of only 5.5%was gained between
35 spoor encounters and the full sample (n = 58).
In the second sampling period from September 2008 to June
2010, mean spoor frequency stabilized only at 40 spoor samples,
equivalent to 3143.2 km sampling distance (Fig. 2b), which stands
in contrast to the ﬁrst sampling period. Precision reached an as-
ymptote at fewer spoor samples (n = 30) but after a greater sam-
pling distance (2284.5 km) (Fig. 3b) than in the ﬁrst sampling
period. Hardly any spoor were encountered at the beginning of
the second sampling period, and only sporadically thereafter.
Mean spoor frequency at maximum sampling distance showed
a signiﬁcant increase from one spoor per 18.9 ± 3.0 km in the ﬁrst
sampling period to one spoor per 33.0 ± 5.4 km in the second
sampling period (U = 836.0, n2007,2008 = 114, n2008,2009,2010 = 118,
p < 0.0001). Lions were estimated to occur at a mean density of
1.72 individuals/100 km2 in the ﬁrst sampling period. The esti-
mate went down to 1.02 individuals/100 km2 in the second sam-
pling period (Table 1), corresponding to a reduction in lion
density of 41%.
During the last 6 months of the second sampling period, when
lions were encountered, pride structures and group compositions
were estimated opportunistically through direct observation and
Fig. 2. The relationship between lion (Panthera leo) spoor frequency and sampling effort for the June 2007 – August 2008 sampling period
inside Khutse Game Reserve (a), the September 2008 – June 2010 sampling period inside Khutse Game Reserve (b), and the communal grazing
area adjacent to Khutse Game Reserve (c). The solid lines indicate 95% conﬁdence intervals.
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individual recognition by whisker spots (Pennycuick and Rudnai
1970). A total of 19 lions (9 males and 10 females) in two prides,
male coalitions, or as solitary individuals were known to use the
study area inside KGR. This number correspondswell to the spoor-
based estimate for the second sampling period (20–22 lions;
Table 1).
Communal grazing area
Variation in spoor frequency for the communal grazing area
remained relatively high even after considerably increasing the
sample size (Fig. 2c). Precision reached an asymptote after 41 spoor
encounters, equivalent to 1589.9kmsamplingdistance, anddropped
below 20% after 44 spoor samples (1704.6 km sampling distance)
(Fig. 3c). A gain in precision of only 4.5% between 41 spoor encoun-
ters and the full sample (n = 45) was achieved. For the 1394 km2
study area in the communal grazing area, mean lion density was
estimated at 1.21 individuals/100 km2 (Table 1).
Mean spoor frequency in the communal grazing area did not
showmuch variation over time. When compared with the results
from the ﬁrst sampling period inside KGR (one spoor per 18.9 ±
3.0 km; see above), mean spoor frequency in the communal graz-
ing area (one spoor per 27.4 ± 5.2 km) showed a strong tendency
to be higher at maximum sampling distance (U = 3268.5, ninside =
114, noutside = 69, p = 0.056), with a 30% lower lion density in the
communal grazing area prior to the crash in mid-2008 (Table 1).
Prey count survey and carrying capacity
The relative abundance of the three most abundant, preferred
prey species of lions decreased from 2001 to 2008 (Fig. 4). At the
time of the crash in the lion population in mid-2008, springbok,
gemsbok, and red hartebeest numbers had dropped by 60%, 79%,
and 50%, respectively. The springbok and red hartebeest popula-
tions recovered in the 2009–2010 sampling period, while gemsbok
numbers remained low.
For the 2009–2010 sampling period, during which a total dis-
tance of 2314 km on 100 transects was covered, nine mammal
species above an adult female body mass of 8 kg and ostriches
(Struthio camelus L., 1758) were recorded (Table 2). Estimated biomass
Fig. 3. The relationship between lion (Panthera leo) sampling precision and sample size for the June 2007 – August 2008 sampling period
inside Khutse Game Reserve (a), the September 2008 – June 2010 sampling period inside Khutse Game Reserve (b), and the communal grazing
area adjacent to Khutse Game Reserve (c). The broken horizontal lines represent a coefﬁcient of variation of 20%.
Table 1. Lion (Panthera leo) spoor density, estimated population den-
sity (number of individuals/100 km2), and estimated population size in
the 2081 km2 study area inside Khutse Game Reserve and the 1394 km2
study area in the communal grazing area adjacent to Khutse Game
Reserve.
Density
Spoor Population
Population
size
Khutse Game Reserve
June 2007–August 2008 5.36 1.72 (1.62–1.82) 36 (34–38)
September 2008–June 2010 3.05 1.02 (0.98–1.06) 21 (20–22)
Communal grazing area
June 2007–May 2009 3.71 1.21 (1.00–1.43) 17 (14–20)
Note: Population density and size are reported with 95% conﬁdence intervals.
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of preferred prey species and all potential prey species was
34.8 kg/km2 (95% CI = 19.0–56.7 kg/km2) and 69.7 kg/km2 (95% CI =
39.0–113.6 kg/km2), respectively. Following Hayward et al. (2007),
our study area inside KGR could support a potential lion density of
2.6 individuals/100 km2 (95% CI = 2.1–3.2 individuals/100 km2), or a
potential population of 55 (95% CI = 44–66). Using the relationship
from Carbone and Gittleman (2002), potential lion density is
2.4 individuals/100 km2 (95% CI = 1.3–3.9 individuals/100 km2),
with a potential population of 49 (95% CI = 28–80). For comparison,
the estimate from the spoor count survey between September 2008
and June 2010 numbered the lion population at 21 individuals
(Table 1), suggesting that the lionpopulation inKGRafter the crash in
mid-2008 was 57%–62% below the potential carrying capacity of the
habitat.
Discussion
By means of a spoor-based survey, we estimated that between
June 2007 and August 2008, a total of 34–38 lions occurred in our
studyarea insideKGR. Liondensity estimates forKGR (1.62–1.82 lions/
100 km2) are relatively low compared with more mesic habi-
tats (e.g., 7.0–9.9 lions/100 km2 in the Serengeti National Park;
Hanby et al. 1995); however, our estimates are comparable with
those from other semiarid environments nearby, such as the
Etosha National Park (1.8–2.1 lions/100 km2; Stander 1991; Trinkel
2013) or the tree savannah in the Kgalagadi Transfrontier Park
(1.4–1.6 lions/100 km2; Funston et al. 2001; Ferreira et al. 2013). This
gives us additional conﬁdence in the results of our spoor-based
survey (also see Ramsauer 2006; Funston 2011). Estimated lion
density in our study area for the period October 2002 – February
2006 was 2.1 lions/100 km2 (Ramsauer 2006; Ramsauer et al. 2007).
Through repeated spoor counts, we were able to quantify the
magnitude of the sudden decline in the KGR lion population in
mid-2008. Population density estimates for the period September
2008 – June 2010 (0.98–1.06 lions/100 km2) were 41% lower than for
the previous period, with only 20–22 lions remaining in our study
area inside KGR after the crash. Our study demonstrates that re-
peated spoor counts can be useful to track changes in lion density
over time and space, supporting the general applicability of using
spoor-based indices to estimate carnivore abundance (Stander
1998; Funston et al. 2001, 2010; Gusset and Burgener 2005; Balme
et al. 2009; Houser et al. 2009).
An estimated 14–20 lions occurred in the communal grazing
area adjacent to KGR. Lion spoor frequency in this area did not
show much variation over time and no sudden decline in mid-
2008 was noted. This might be due to the fact that lions living
close to the reserve boundaries and in the communal grazing area
had access to a constant supply of prey in the form of livestock
(Schiess-Meier et al. 2007), while the densities of wild prey inside
the reserve declined. Or lions were otherwise attracted to the
communal grazing area (e.g., Van der Meer et al. 2013), thus mag-
nifying the decline inside the reserve and masking it outside. As
predicted, mean spoor frequency in the communal grazing area
showed a strong tendency to be higher at maximum sampling
distance compared with the mean spoor frequency at maximum
sampling distance inside KGR prior to the crash inmid-2008, with
a 30% lower population density estimate in the communal grazing
area (1.00–1.43 lions/100 km2). Lions learn to sporadically leave a
reserve and hunt livestock in grazing areas along the reserve
boundaries, and then to retreat to the relative safety of the pro-
tected area shortly after feeding (Loveridge et al. 2010). Consider-
ing the shared border of our two study sites, it is likely that most
of the spoor recorded in the communal grazing area belonged
Fig. 4. The relative abundance per sampling period of the three most abundant, preferred prey species of lions (Panthera leo) occurring in
Khutse Game Reserve (2001: 8 months; 2002: 9 months; 2007–2008: 12 months; 2008–2009: 12 months; 2009–2010: 7 months).
Table 2. Prey species recorded in the 2009–2010 sampling period, with number of encounters, number of individuals
encountered, 75% adult female bodymass (kg), estimated density (number of individuals/km2), and total estimated numbers
in the 2081 km2 study area inside Khutse Game Reserve.
Species
Number
Body mass Density TotalEncounters Individuals
Gemsbok (Oryx gazella) 59 154 158 0.15 (0.10–0.22) 312 (208–458)
Red hartebeest (Alcelaphus buselaphus caama) 63 279 95 0.24 (0.14–0.40) 499 (291–832)
Ostrich (Struthio camelus) 53 103 70 0.10 (0.06–0.14) 208 (125–291)
Springbok (Antidorcas marsupialis) 103 999 26 1.05 (0.73–1.52) 2185 (1519–3163)
Steenbok (Raphicerus campestris) 201 233 8 0.43 (0.35–0.53) 895 (728–1103)
Common duiker (Sylvicapra grimmia) 10 12 16 0.01 (0.007–0.02) 21 (15–42)
Giraffe (Giraffa camelopardalis) 18 28 550 0.02 (0.006–0.04) 42 (12–83)
Greater kudu (Tragelaphus strepsiceros) 34 82 135 0.09 (0.05–0.14) 187 (104–291)
Note: Warthog (Phacochoerus africanus) and blue wildebeest (Connochaetes taurinus) were excluded due to small sample sizes (n = 2 and
3 encounters, respectively). Estimated density and total estimated numbers are reported with 95% conﬁdence intervals.
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to boundary transgressors that left the reserve when foraging
(Schiess-Meier et al. 2007). The same individuals are known to
roam both inside and outside the reserve (Weilenmann et al. 2010;
Leopard Ecology & Conservation, unpublished data). Boundary
transgression led to lions predating on livestock and, in turn,
falling victim to retaliatory and preventive killing by pastoralists.
This effect is exacerbated by males and females being killed indis-
criminately (e.g., Kerth et al. 2013).
As suspected, the relative abundance of the three most abun-
dant, preferred prey species of lions gradually decreased from
2001 to 2008 (by 50%–79%), with a low at the time of the crash in
the lion population in mid-2008. This suggests that the crash
might be related to prey depletion, with abruptly decreasing lion
density over time (2.1, 1.72, and 1.02 lions/100 km2 in 2002–2006,
2007–2008, and 2008–2010, respectively), possibly in conjunction
with disease outbreaks (Ferreira and Funston 2010; Trinkel 2013).
Likely because of reduced primary productivity and human activ-
ities, prey abundance in protected areas has declined elsewhere in
Botswana (McNutt and Gusset 2012) and throughout Africa
(Craigie et al. 2010). With little prey poaching inside the reserve,
lower rainfall leading to reduced primary productivity probably
caused the decline in prey abundance in our study area (Leopard
Ecology & Conservation, unpublished data). As predicted and as a
consequence of the crash, we found the KGR lion population to be
below the potential carrying capacity of the habitat. This result
should be viewed qualitatively, as predicting carnivore densities
from prey abundance relies heavily on precise prey population
estimates, calculations of prey biomass, and relationships between
prey biomass and carnivore density (Karanth et al. 2004). Both
approaches used in this study to calculate carrying capacity pro-
vided similar but relatively high lion density estimates, probably
because some prey tend to accumulate on saltpans with good
visibility, leading to relatively high prey population estimates. At
the same time, our prey density estimates for the 2009–2010 sam-
pling period were lower than those from other semiarid environ-
ments nearby (Funston et al. 2001; Trinkel 2010, 2013). Collectively,
our ﬁndings suggest that prey density is high enough to allow for
more lions; thus, a potential recovery of the KGR lion population
is not hindered by prey abundance.
It remains to be seen in future surveys if the lion population in
our study area will recover and lions will recolonize previously
occupied habitat. Limiting factors to population recovery possibly
are a lack of immigrating lions due to edge effects and disease
outbreaks elsewhere in the KGR–CKGR complex; social pertur-
bation and disease transmission due to the translocation of
“problem” lions from outside the reserve; and continued hu-
man persecution of boundary transgressors despite the erection
of the electriﬁed fence—which cannot fully contain lions—in late
2009 (Woodroffe and Frank 2005; Balme et al. 2010; Weilenmann
et al. 2010; Funston 2011; Packer et al. 2013). A spoor-based survey
conducted throughout the KGR–CKGR complex in March 2012
provided an estimated density of 1.16 lions/100 km2, numbering
the total lion population at 634 (CKGR Research Group 2012). This
estimate, while similar to our earlier estimate for the communal
grazing area, is higher than the estimated lion density inside KGR
after the crash in mid-2008. Continuing spoor counts, in combi-
nation with prey and disease surveys, will further elucidate the
drivers of lion population dynamics in our study area and inform
management if lions reach the potential carrying capacity of the
habitat in terms of prey abundance. It will be important to deter-
mine if the ﬂuctuations in lion density (e.g., due to prey depletion
or disease outbreaks) are a naturally occurring phenomenon re-
quiring little or no management intervention, or if this is a newly
introduced problem that requires mitigating measures.
In conclusion, one concerning possibility is that there is a
human-caused population sink around KGR (Woodroffe and
Ginsberg 1998). As mentioned above, we know of 52 lions that
were killed on farmland in the vicinity of our study area between
2005 and 2010. Our results suggest that as many lions were killed
as were alive in the area during that time. This population sink
might thus be strong enough to threaten the long-term survival of
lions in the area; particularly if this edge effect is intensiﬁed by
prey depletion and disease outbreaks. Therefore, even large pro-
tected areas might not be of sufﬁcient size to protect populations
of wide-ranging carnivores and boundaries need special safe-
guarding (Packer et al. 2013; Winterbach et al. 2013). Creating
conservation buffer zones with nonlethal conﬂict mitigation
strategies and managing human activities around protected area
boundaries are essential.
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